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Wp have designed a novel fluorescent indicator com- 
decreases 6-fold Images ^ ^ 

in the cell other than calmodulin. 



The Ca 2+ -binding protein calmodulin (CaM)» is a key trans 
d J« of intracellula" C." ion signals, largely through its 
r« £ dependent activation of many enzyme activities (1-4). 



.This wo* was "P^^^ 8 ^^ 1 ^ 8 ^ 
DGE92M919 ^^B-t^M^^^^"^^^^ mu 7t 

cology and Physiology Un.vers.ty M * 16 . 275 -308T, Fax: 

releasing hormone; FRET "" 01 L e " e " C y ue . sh ifted GFP; RGFP, red- 
GFP, green fluorescent protein; BGFP, Olue sni™ fluores- 
shifted^GFP; FIP, ^^^J^Z,^^ by 

rssssrs^s^^ ^ chain 

kinase. 



nrotein (GFP) can be used to monitor cleavage at a protease site 
witn^ a linker amino acid sequence. We -Resigned a 
similar fluorescent indicator protein in which the GFP va "^ 
Sted by a CaM-binding sequence. This indicator exhibit 
a targe CaM-dependent change in its fluorescence em ssmn 
due to disruption of FRET v,hen calmodulin is bound to the 
Hnker sequence. This response can be monitored in living cells, 
wtre T cLely follows changes in the intracellular Ca 
concentration. 

MATERIALS AND METHODS 

S'^ for the J^^J^JSSS^ 
produced by amplifying the GFP-e ncodi ^ j (San Die go, 

„ » RjnYpltow™ vectors obtained from r'narMingeu, ,mv\ 
CA) Tnlvector pETIC, encoding a fluorescent indicator 
contxol^cmsisting of RGFP and ^^^^j^^^i^j^Qpp domain^n 

pETIC is fused to the H^^^^fMadtaon. WI). The C 
sequence ( f used To an additional His 6 sequence, 

terminus of the BOr r" domain ib iuoc pnrn des FIP-CBo M , 

rnrnhe^S avian smooth muscle myosin 

light chain kinase (8) transformed into £sc/re- 

For ex P r f ^ff^fc^e^ or pETIC-1 were 

ric.ua coh strain BL2KDE3) Cell « jn expression was 
grown at 23 'C to an A 60 o of O- 6 " 0 ' 8 ' and P * ide to 0 .5 

induced by add-on « ^ 

mM.Aftermcubatingat23 C for « >n,c ty chroma tography 

FIP and F1P-CB SM were P™^,^**£2 'fJaM expressed in 
essentially as described by Mitral ^ J*™£ concentrations of 
F roli was purified as described previously me conce 

, n o ^ t?tp were determined using an e 49G of » 9 

control FIP and *IP-.<Bni .were _aeie by 
cm" 1 Concentrations of FIP-CB SM stocK soiuuous 
titration with a standard CaM solution. ence _ Fluorescen ce 
In Vitro Measurements °f f IP '™ s " "™ Technology Interna- 
measurements we re performed us counting 
tional (Monmouth Junction, NJ) ^""^ J hated at 3 0 °C in 
spectrofluorometer. Reaction volumes (3 ml) were ^ 
a^rredcuveue.™ 

excitation wavelength of 380 nm was use containing 25 mM 

FIP fluorescence. For most experiments a buffer c ° * nis 

Tris 0.1 M NaCl, and 300 CaCl 2 , pH 7.5, was use a. 1 u p 

levels 01 iree Flp _ CB fluorescence emission spectrum is essen 

inde^ndent o'The X— ™ - 8 0 ' ^ to ^ 
or absence of bound (Ca 2 *) 4 -CaM. 
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Fig. 1. CaM-dependent changes in 
the FIP-CB SM fluorescence emission 
spectrum. FIP-CB SM at a concentration 
of 1 /xM was titrated with 0.2 incre- 
ments of (Ca 2+ ) 4 -CaM. The effect of 
(Ca 2+ ) 4 -CaM on the FIP-CB SM emission 
spectrum is completely reversed by add- 
ing 5 dim EDTA. A scheme depicting the 
conformational change undergone by F1P- 
CB SM upon binding (Ca 2+ ) 4 -CaM is also 
presented in the figure. The RGFP (/?) 
and BGFP (B) domains in FIP-CB S m are 
joined by a linker sequence containing a 
CaM-binding domain. The fluorophores in 
the GFP domains are represented by 
shaded rectangles. The relative dimen- 
sions used for the GFP domains are based 
on the published crystal structures for 
GFP (14, 15). (Ca 2+ ) 4 -CaM is depicted as 
two hemispheres, corresponding to two 
EF hand pairs, joined by the flexible cen- 
tral helix. Ca z + ions bound to the EF 
hands are depicted as filled circles. 
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Fig. 2. Characterization of CaM binding by FIP-CB SM . A, titration of a mixture of 8 2 nM FIP-CBs M and 200 dm CaM with increasing 
concentrations of free Ca 2 + ion. Data were fit to an equation of the form: F = aOTWS + K a \ where F is the fractional saturation of FIP-CB 
with CaM riven in the fifmre as 1 - [(F — F ■ )/(F ma3£ - F min )), L is the free Ca 2+ ligand concentration, K a is an apparent dissociation constant 
^depenl XllZL of CaM, 'and n^the number of interacting sites, which equals 3.9 for the curve shown. ™s mdicates tha 

(Ca 2 +) CaM is the species bound by FIP-CB SM . F is the fluorescence measured at 505 nm, F max and F min are the values for F measured at maximal 
and minimal free Ca 2+ ion concentrations, and a is a correction factor allowing adjustment of the maximal fraction of FIP-CB SM bound to give = the 
best fit. « values are between 1 and 1.1 for the curves shown in panels A and B. B, binding of (Ca 2 -) 4 -CaM to F1P-CB SM at <™. tr ^ 
(■) and 1.0 (A) nM. The data measured at a 1 nM FIP-CB SM concentration were fit to a standard single-site kinetic model as described previously 
(20). The data measured at a 1.4 nM F1P-CB SM concentration were fit to an equation of the form: F = «{(P t + L t + K d )- [{F t 4 + K*) 
MP )(L )]° 5 }/2(P ) where L t is the total CaM concentration and P t is the total FIP-CB SM con central on. In both cases a K d value of 0.4 nM was 
obtained. Emission spectra for titration of 1.4 nM FIP-CB SM with (Ca 2+ ) 4 -CaM are shown in the inset. 



Measurements of FIP-CB SM Fluorescence in Cells— Human embry- 
onic kidney cells (HEK-293) stably transfected with an epi tope-tagged 
thyrotropin-releasing hormone (TRH) receptor (11) were grown on glass 
coverslips to 60-80% confluence, rinsed in Hank's balanced salt solu- 
tion, and placed in a Sykes-Moore chamber maintained at 37 °C. Mi- 
croinjections were performed on an Eppendorf Transjector 5246 
equipped with a Micromanipulator 5171 using Femtotips from Eppen- 
dorf (Madison, WI). Microinjection solutions were centrifuged and fil- 
tered through 0.2-^im nitrocellulose niters and injected at pressures of 
50-100 hectopascals for 0.1 s. Successful injections were visualized in 
brightfield and by observing at 530 nm the fluorescence of RGFP excited 
directly at 495 nm. After microinjection, cells were allowed to recover 



for at least 30 min. 

Dynamic measurements were performed using a Dage CCD72 cam- 
era and Geniisys image intensifier system (Michigan City, IN) and 
IMAGE- 1/AT analysis software from Universal Imaging (Media, PA). 
Fura-2 340/380 fluorescence excitation ratios were obtained as de- 
scribed previously (12). The fluorescence emission of FIP-CB SM and 
control FIP excited at 380 nm was measured at 5O0-ms intervals using 
a 510-nm emission filter. Still photographs were obtained with a Cohu 
CCD camera (San Diego, CA) and a 440A integrator (Colorado Video, 
Inc., Boulder, CO) and analyzed with Metamorph software from Uni- 
versal Imaging. Cells were illuminated at 380 nm, and emitted light 
was collected for 10-20 s at 510 nm and then at 440 nm. 
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Pic F JF emission ratio images of cells microinjected with FIP-CB SM . HEK-293 cells expressing the TRH receptor were 
_ . . . i r /r finfiT-^drpnrP pmission ratios* the calibration bar depicts low (bottom) to nign {top) fluorescence ratios, bLdie 

in panels A and B or Z> and E, respectively, at basal |Ca 2+ ) t under 495 nm lUumination, which directly excites the RGFP fluorophore m FI F ^JJsm- 
CeUs were treated with 3 mM BAPTA i/anels A and Z», which reduces [Ca^l. to 30-50 nM, followed by 1 jm + ™™ ^ ^ 

B and E), which increases it to above 1 ^m. The F 510 /F 44O fluorescence emission ratio decreases when [Ca 2 Lis ^^hrthtf S^S to 
localized predominantly to the nucleus or to the cytoplasm. The F 5JO /F 440 emission ratio decreases when (Ca ) 4 -CaM binds to F1P-CB SM due to 
a reduction of FRET between the fluorophores in the RGFP and BGFP domains (Fig. 1). 



RESULTS AND DISCUSSION 
We have designed a fluorescent indicator protein containing 
two green fluorescent protein variants, with reported fluores- 
cence excitation and emission maxima of 382 and 448 nm 
(BGFP) (6) and 495 and 509 nm (RGFP) (7), joined by an amino 
acid linker containing the CaM-binding sequence from smooth 
muscle myosin light chain kinase (8) (Fig. 1). We term this 
particular indicator FIP-CB SM . Excitation of the fluorophore in 
the BGFP domain at 380 nm results in fluorescence emission at 
505 nm from the fluorophore in the RGFP domain due to FRET 
between the fluorophores. FRET is essentially eliminated when 
FIP-CB SM binds (Ca 2+ ) 4 -CaM, and the F 50S /F 440 ratio de- 
creases from a value of 1.7 to a value of 0.3 (Fig. 1). FRET 
between the fluorophores in a control indicator protein lacking 
a CaM-binding sequence is not significantly affected by 
(Ca 2+ ) 4 -CaM. FIP-CB SM binds (Ca 2+ ) 4 -CaM with a K d of 0.4 
nM, which is close to the 1 nM apparent K d value for the complex 
between (Ca 2 + ) 4 -CaM and smooth muscle myosin light chain 
kinase (Fig. 2, A and B) (13). 

Purified GFP dimerizes in solution, and crystallographic 
data suggest that the two GFPs are in an antiparallel orienta- 
tion with the chromophores -25 A apart (14, 15). Molecular 
modeling indicates that the linker sequence between the GFP 
domains in FIP-CB SM is long enough to allow them to interact 
in a similar manner. In the structures of the complexes be- 
tween (Ca 2+ ) 4 -CaM and the CaM-binding sequences in several 
targets, including smooth muscle myosin light chain kinase, 
CaM enfolds the CaM-binding sequence forming a globular 
structure - 40 A in diameter (16). Thus, when (Ca 2+ ) 4 -CaM 
binds to the linker in FIP-CB SM , the inter-fluorophore distance 
is likely to be increased from -25 A to -65 A (Fig. 1). Since the 



efficiency of FRET is proportional to 1/r 6 , where r is the inter- 
fluorophore distance, this would explain the reduction in FRET 
observed when FIP-CB SM binds (Ca 2+ )-CaM (17). 

CaM-dependent changes in FRET between the fluorophores 
in FIP-CB SM can be monitored in living cells, providing a view 
of free (Ca 2+ ) 4 -CaM levels in the cell. We have microinjected 
FIP-CB SM , with or without equimolar CaM, into HEK-293 cells 
stably transfected with the G q/11 -coupled Ca 2+ -mobilizing re- 
ceptor for TRH. We estimate an intracellular FIP-CB SM con- 
centration in microinjected cells of 1-10 /ulm, similar to esti- 
mates for the intracellular concentrations of high-abundance 
CaM targets, such as smooth muscle myosin light chain kinase 
(18). Injection of FIP-CB SM undoubtedly perturbs the balance 
between CaM and its targets. Coinjection of the indicator with 
equimolar CaM should help to restore it, but the exact mole 
ratio of CaM to its binding sites in the cell is unknown. The 
intracellular free Ca 2+ ion concentration ([Ca 2+ ] 1 ) increases 
from below 50 nM, when cells are incubated in media containing 
BAPTA, to greater than 1 jam, when extracellular Ca 2+ and 
ionomycin are added (data not shown). Corresponding fluores- 
cence images show a clear Ca 2+ -dependent reduction in the 
F 51o /F 440 ratios in cells injected either with FIP-CB SM alone or 
with FIP-CB SM and CaM. This indicates an increase in the 
fraction of FIP-CB SM bound to (Ca 2+ ) 4 -CaM (Fig. 3). A greater 
reduction in the F 51o /F 440 ratio is evident in cells injected with 
both FIP-CB SM and CaM. The basal fluorescence intensity of 
the RGFP acceptor (Fig. 3, C and F) is brighter in some regions 
of the cell than others due to the distribution of the probe 
within the cells. Some cells were injected in the nucleus, some 
into the cytoplasm, and some into both nuclear and cytoplasmic 
regions. FIP-CB SM remained localized to the nucleus or cyto- 
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Fig. 4. Kinetics of CaM activation in living cells. Cells were 
microinjected with with solutions containing 88 jam FIP-CB sm and 88 
tsM CaM (panel A), 88 pM FIP-CB sm alone (panel B), or 2.5 mil Fura-2 
free acid (panel C). At the indicated times, 3 rnM BAPTA, 4 TRH, 5 
mM CaCl 2J and 500 nM ionomycin were added to the bathing solution. 
Based on measurements in cell populations using Fura-2, BAPTA de- 
creases ICa 2 ^ to below 50 nM, TRH increases it to 200-400 nM, and the 
combination of Ca 2+ and ionomycin increase it to > 1 pM. Panels A and 
B, the average F 610 emission intensity of 12-27 individual cells, ex- 
pressed as F/F 0 , with F Q defined as the average of the first 10 values in 
the time course. The SEM for each time point averages 4%. Note the 
difference in scales for cells injected with equimolar FIP-CB SM and CaM 
or FIP-CB SM alone. Panel C, relative [Ca 2+ J, values expressed as aver- 
age Fura-2 340/380 excitation ratios. In control experiments, cells mi- 
croinjected with a solution containing 88 jam control FIP, which lacks a 
CaM-binding sequence, either with or without equimolar CaM, show no 
detectable changes in F 510 in response to externally applied BAPTA, 
TRH, CaCl 2 , or ionomycin. Cells microinjected with Fura-2 free acid, 
and those injected with solutions containing Fura-2 + 88 /am CaM or 
Fura-2 + 88 jam CaM-binding peptide, show similar changes in Fura-2 
fluorescence. The CaM-binding peptide used has the sequence: 
KRRWKKNFlAVSAANRFKK-amide, and is based on the CaM-binding 
domain in skeletal muscle myosin light chain kinase (21). The axes have 
been adjusted so that the times of TRH addition are aligned. 



plasm in cells, depending upon its initial site of injection. The 
indicator, with a molecular mass of 63.4 kDa, would not be 
expected to move through nuclear pores, and such transloca- 
tion was not observed. No systematic effort was made to com- 
pare the responses of the indicator in the nucleus and cytosol, 
although it is clear that similar responses occur in these com- 
partments (Fig. 3). Ca 2+ -dependent changes in the 510/440 
emission ratio measured in cells suggest microheterogeneity in 
the response that may be artifactual, perhaps reflecting small 
changes in cell shape occurring during data collection. Investi- 
gations of a possible physiological basis for the apparent mi- 
croheterogeneity are clearly a high priority. 

To more precisely establish the kinetics and magnitude of 
the FIP-CB SM response to changes in [Ca 2+ ]„ the F 51Q of mi- 
croinjected cells was measured at 500-ms intervals, while 
[Ca 2+ ], was manipulated (Fig. 4). Reductions in F S10 mirror 



increases in [Ca 2 "*"], caused by addition of TRH, Ca 2+ , and 
ionomycin with no discernible lag (<1 s) (Fig. 4). Measure- 
ments using Fura-2 indicate that basal [Ca 2+ ], in these cells is 
below 50 nM; it increases to 200-400 nM with TRH and to 
greater than 1 aim with the combination of external Ca 2+ and 
ionomycin. In cells injected with equimolar FIP-CB SM and 
CaM, the combination of Ca 2+ and ionomycin causes a 30% 
reduction in F 510 . This appears to represent the saturated 
response of the indicator, since it is reached and maintained 
when [Ca 2+ ] t is still increasing (Fig. 4A). Treatment of cells 
injected with FIP-CB SM alone with TRH causes a —6% reduc- 
tion in F 510 ; the combination of Ca 2+ and ionomycin causes a 
-10% reduction (Fig. 4fi). Thus, saturation of the FIP-CB SM 
response is not approached in these cells, indicating that the 
CaM concentration is limiting. 

The maximum fractional reduction in the F S10 of FIP-CB SM 
observed in cells was 30%, or about half of the maximal 65% 
CaM-dependent reduction in -F 510 measured in vitro (Fig. 1). 
Given the very different experimental systems used for meas- 
urements of fluorescence in vitro and in vivo, this difference in 
the maximal signals appears acceptable. The amount of probe 
injected was kept low to minimize perturbation of Ca 2+ -CaM 
homeostasis. A consequence is that fluorescence filters with 
bandwidths of —40 nm were required to obtain an adequate 
fluorescence signal. In contrast, the monochromator band- 
widths used for in vitro measurements were about 3 nm. Some 
of the small discrepancy between in vitro and in vivo measure- 
ments of CaM-dependent changes in indicator fluorescence 
may therefore be attributable to the different optical systems 
used. 

Our results clearly indicate that changes in [Ca 2+ ], ranging 
from below 50 nM to ~1 um are coupled to changes in the F 51Q 
of FIP-CB SM . This suggests that the activity of a calmodulin 
target with a typical 1 nM affinity for (Ca 2 + ) 4 -caImodulin is 
responsive to changes in the intracellular Ca 2+ concentration 
over the physiological range. It also suggests that physiological 
changes in iCa 2+ ], are coupled to changes in the free (Ca 2+ ) 4 - 
CaM concentration in the low nanomolar range. The free con- 
centrations of (Ca 2+ ) 4 -CaM occurring in the cell are therefore 
-1000-fold less than the total concentration of CaM (18). Thus, 
the calmodulin concentration in the cell is limiting; essentially 
all the (Ca 2+ ) 4 -CaM present in the cell must be bound to 
targets, as has been proposed based on studies of the intracel- 
lular mobility of tagged CaM (19). The very low physiological 
levels of free (Ca 2+ ) 4 -CaM indicate that small changes in the 
affinity of a typical target should significantly affect its level of 
activity at a submaximal [Ca 2+ ]j, as recently demonstrated for 
smooth muscle myosin light chain kinase activity (18). The 
ability to monitor free (Ca 2+ ) 4 -CaM levels in living cells pro- 
vides an exciting new approach for dissecting the processes 
that link variations in (Ca 2+ ], to diverse cellular responses. 
Indeed, FIP-CB SM appears to represent a new class of ligand- 
dependent indicators that have the potential of reporting the 
levels of a variety of proteins and other ligands in the cell, 
depending upon the nature of the linker sequence. 
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Red Fluorescent Protein from Discosoma as a Fusion Tag and a Partner for 
Fluorescence Resonance Energy Transfer 
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abstract- The biochemical and biophysical properties of a red fluorescent protein from a Discosoma 
snecTef (DsRed) wereTnvestigated. The recombinant DsRed expressed in E. coli showed a complex 
species (usKecu were uivc^ h „ nH «o nm Excitation at each of the absorption 

absorption spectrum that , *aked at 277 335, 487 530 and ^J^Lon peak at 500 nm appeared 

of DsRed resulting in the loss of the 500-nm peak and the enhancement of the 583-nm peak. In contrast 
^he 500 n'm S predominated in a mutant DsRed containing two ammo ac.d subst.tut.ons (Y120H/ 
S5<SS K-scaKng analysis revealed that DsRed proteins expressed in E. coli and HeLa cells form 
a tabVe tetran er complex. DsRed in HeLa cells grown at 37 °C emitted predominantly at 583 nm The 
red fluorescence was Fmaged using a two-photon laser (Nd:YLF, 1047 nm) as well as a one-photon laser 

He N H£ 5 nm) When fused to calmodulin, the red fluorescence produced an aggregate pattern 
Kn the cytoS which does not reflect the distribution of calmodulin. Desp.te the above spectra land 
stZZTco^Sex ty fluorescence resonance energy transfer (FRET) between Aequorea green fluorescent 
iSwrSK v2« and DsRed was achieved. Dynamic changes in cytosol.c free Ca^+ concentrat.ons 
Ee obSrvea w "le fons containing yellow fluorescent protein (YFP) cyan fluorescent protem 
Trr^ror Saoohi e as the donor and RFP as the acceptor, using convennonal m.croscopy and one- or 

woShl eSon laS inning microscopy. Particularly, the use of the Sapphire-DsRed pan rendered 
the red cameleon tolerant of acidosis occurring in hippocampal neurons, because both Sapph.re and DsRed 
are extremely pH-resistant. 



Green fluorescent proteins (GFPs) 1 are found in a large 
number of bioluminescent coelenterates (/). GFPs were 
thought to be an accessory emitter protein of the cnidanan 
luminescent system, deriving their excitation by nonradiative 
energy transfer in association with the luciferase reaction. 
The GFP from Aequores victoria {Aequorea GFP) is now 
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widely used in molecular and cellular biology studies (2). 
However, several GFP-like fluorescent proteins have been 
isolated from fluorescent but nonbioluminescent Anthozoa 
species (J). Among them is a red-emitter peaking at 583 nm, 
called DsRed or drFP583. Although the GFP-like fluorescent 
proteins have only 26-30% sequence identity with Aequorea 
GFP, several features of GFP structure are probably con- 
served, including the "£-can" fold. 

Since DsRed has longer wavelengths of excitation and 
emission than are currently available from Aequorea GFP, 
it would be useful for multi labels and reporters and could 
serve as a resonance energy transfer acceptor. However, 
complicated features in its spectra and structure have been 
pointed out, which limit the usefulness of DsRed as a tool. 
First, the absorption spectrum of DsRed is broad with several 
shoulders and peaks other than the main peak at 558 nm. 
Also, a small peak at 500 nm in the emission spectrum is 
mentioned in the manufacturer's brochure (Clontech). Sec- 
ond, a spotty pattern of red fluorescence has often been 
observed when DsRed was fused to a certain protein and 
expressed in eukaryotic cells, suggesting aggregation of the 
chimera protein. 

Spectral and structural features of fluorescent proteins are 
generally dependent on each other. With the exception of 
Aequorea GFP, all GFP molecules so far studied have been 
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stable nondissociable dimers in diluted aqueous solution (4). 
In contrast, Aequorea GFP forms a dimeric complex but only 
at a high protein concentration. It is of interest that wild- 
type Aequorea GFP undergoes large changes in its absorption 
spectrum upon dimerization (5). In the present study, we 
investigated the inter-relationships between the structure and 
spectra of DsRed in hopes of achieving better use of the 
fluorescent protein as a fusion tag and a partner for 
fluorescence resonance energy transfer (FRET). 

Cameleons are chimeric proteins consisting of a blue or 
cyan mutant of GFP, calmodulin (CaM), a glycylglycine 
linker, the CaM binding peptide of myosin light chain kinase 
(Ml 3), and a green or yellow version of GFP (6). Ca 2+ 
binding to the CaM causes intramolecular CaM binding to 
MB. The resulting change from an extended to a more 
compact conformation increases the efficiency of FRET 
between the shorter to the longer wavelength mutant GFP. 
To obtain adequate expression and brightness of the mutant 
GFPs in mammalian cells, enhanced genes with mammalian 
codon usage and mutations for improved folding at 37 °C 
were developed. Also the blue mutant (BFP) proved to be 
the dimmest and most bleachable of the GFPs. It also 
required ultraviolet excitation, which is potentially injurious, 
excites the most cellular autofluorescence, and could interfere 
with the use of caged compounds. Therefore, enhanced cyan 
and yellow mutants, ECFP and EYFP, have been substituted 
for the original blue and green mutants, respectively, to make 
"yellow cameleons". Despite the considerable promise of 
yellow cameleons, they still have problems that need 
amelioration. One of the problems is that EYFP is quenched 
by acidification. This problem perturbed the signals of yellow 
cameleons, mimicking a decrease in [Ca 2+ ] when the cellular 
environment acidified. The pH-sensitivity of yellow cam- 
eleons has been greatly reduced by introducing mutations 
V68L and Q69K into EYFP (EYFP-V68L/Q69K) (7). The 
improved yellow cameleons, including yellow cameleon-2.1, 
permit Ca 2+ measurements without perturbation by pH 
changes from 6.5 to 8.0. Mutations have been also introduced 
into the Ca 2+ binding loops of CaM to tune the affinity of 
yellow cameleons for Ca 2+ . Herein, we experimented with 
three pairs: YFP— DsRed, CFP— DsRed, and Sapphire- 
DsRed for cameleons [Sapphire is a GFP variant (=H9-40) 
containing a mutation of Thr203 to He, which results in a 
stabilization of the neutral form of the chromophore (5)]. 
Features of the resulting "yellow-red cameleons", "cyan-red 
cameleons", and "Sapphire-red cameleons" will be discussed. 

EXPERIMENTAL PROCEDURES 

Recombinant DsRed Expressed in E. coli. The gene for 
DsRed was amplified by polymerase chain reaction (PCR) 
using pDsRedl-I (Clontech) as a template with a forward 
primer containing a Bamhfl site and a reverse primer 
containing an EcoRl site. The restricted product was cloned 
in-frame into the BamHVEcoRl sites of pRSET B (Invitrogen). 
The resulting plasmid DNA, DsRed/pREST B , encoded 
DsRed with an Xpress tag at the N-terminus. DsRed-mu43 
was obtained by PCR-based random mutagenesis (9). 
Expression of the recombinant DsRed in E. coli and its 
purification were carried out as previously reported (3, 10). 
The temperature and time of incubation after addition of 
isopropyl-/?-D-thiogalactopyranoside (IPTG) were changed 
for optimization of the expression. Purity of the protein 
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sample was checked by sodium dodecyl sulfate— polyacryl- 
amide gel electrophoresis (SDS-PAGE) followed by Coo- 
massie brilliant blue R250 (CBB) staining. Protein concen- 
tration was determined using a protein assay kit (Bio-Rad) 
using bovine serum albumin (BSA) as a standard. Absorp- 
tion, emission, and excitation spectra were acquired in 50 
mM HEPES, pH 8, using a U3310 spectrophotometer 
(Hitachi, Tokyo, Japan) and a F2500 fluorescence spectro- 
photometer (Hitachi). For size-exclusion chromatography, 
Superdex 200HR 10/30 (Amersham Pharmacia) was installed 
on AKTA explorer 10S (Amersham Pharmacia), and fluo- 
rescence was monitored with an RF-10AXL fluorescence 
detector (Shimadzu, Kyoto, Japan). The Xpress tag was 
liberated from DsRed expressed in E. coli by incubation with 
recombinant enterokinase (2 units/1 00 /*g of protein, Novagen), 
at 20 °C for 20 h. Multi-angle light scattering (MALS) was 
measured with a multi-angle light photometer (DAWN, 
Wyatt, Santa Barbara, CA) connected to a Shodex HPLC 
system (Showa Denko, Tokyo, Japan) on which size- 
exclusion columns (tandem connection of KW-804 and KW- 
803, Showa Denko) were installed (77). 

Expression of DsRed in HeLa Cells. The DsRed gene was 
amplified by PCR with a sense primer containing a //mdlll 
site and kozak consensus sequence (TCCACCATG), and a 
reverse primer containing an EcoiU site. The restricted 
fragment was inserted into the /7mdIIl/£"coRI sites of 
pcDNA3 (Invitrogen) to construct DsRed/pcDNA3. HeLa 
cells were grown on a 10-cm tissue culture dish to 40% 
confluence in Dulbecco's modified Eagle's medium (Sigma) 
with 10% fetal bovine serum (Sigma), and transfected with 
4 //g/dish of DsRed/pcDNA3 using lipofectin (GIBCO). One 
to three days after the transfection, the dish was placed on 
ice for 10 min, and then cells were washed twice in 10 mL 
of phosphate-buffered saline. Cell extract was prepared by 
incubating cells for 5 min on ice in 500 fih of lysis buffer 
(1% Triton X-100, 50 mM HEPES— NaOH, pH 8.0) supple- 
mented with 50 fiM phenylmethylsulfonyl fluoride, 10 ^M 
leupeptin, 10 fiM. E-64, and 1 /iM pepstatin A. The lysate 
was used for size-exclusion chromatography. Eluate was 
fractionated and subjected to SDS-PAGE followed by 
immunoblotting. DsRed on a membrane was detected using 
a living colors D.s. peptide antibody (Clontech) and an ECL 
detection system (Amersham Pharmacia). 

Acquisition of Fluorescence Images of HeLa Cells Ex- 
pressing ECFP and DsRed with Two-Photon Excitation 
Laser Scanning Microscopy. HeLa cells were grown on a 
35-mm glass-bottom dish and cotransfected with 1 //g/dish 
of DsRed/pcDNA3 and ECFP/pcDNA3. ECFP-CaM7 
pcDNA3 was described previously (<5). The gene for full- 
length DsRed was amplified by PCR, and was substituted 
for the ECFP gene to create DsRed -CaM/pcDN A3. Cells 
were observed with a two-photon laser scanning microscope 
based on a Fluoview FV500 scanning unit (Olympus, Tokyo, 
Japan) and two pulse lasers: a Ti: sapphire laser (Tsunami; 
Spectra Physics, Mountain View, CA) and an Nd:YLF laser 
(DPM-1000PC; Coherent Scotland, Glasgow, Scotland). The 
objective lens used was UPlanAPO 60xW/IR (Olympus). 
ECFP and DsRed were excited at 800 nm with the Ti: 
sapphire laser and at 1047 nm with the Nd.YLF laser, 
respectively. Excitation beams from the two lasers were 
alternately irradiated to the sample. Fluorescence was 
detected through band-pass filters BA465-495 (Olympus) and 



2504 Biochemistry, Vol. 40, No. 8, 2001 



Mizuno et al. 



Table 1 : Filters and Dichroic Mirrors Used To Acquire Images of 
Neurons Expressing Red Cameleons with Conventional 
Fluorescence Microscopy* 



Table 3: Expression of DsRed in E. coli 



YRC2 



CRC2 



SapRC2 



Ex. filter 
dichroic mirror 
Em. filter, donor 
Em. filter, acceptor 



480DF10 
505DRLP 
535DF25 
565EFLP 



440DF20 
455DRLP 
480DF30 
565EFLP 



4O0DF15 
455DRLP 
510WB40 
565EFLP 



° All filters and mirrors were purchased from Omega. 



Table 2: Lasers, Filters, and Dichroic Mirrors Used To Acquire 
Images of HeLa Cells Expressing Red Cameleons with Laser 
Scanning Microscopy 



YRC2 



CRC2 



SapRC2 



Ex. wavelength 
dichroic mirror 

IR cut filter 
beam splitter 
Em. filter, donor 
Em. filter, acceptor 



800 nm* 770 nm b 

RDM65CK& RDM650 r & 

DM65(T DM650' 

BA650RIF C BA650RIF C 

DM505' 560DRLP 

BASIS-SSO" BA465-495 r 510WB40 

BA560IF C 590DF35 580DF30 



488 nm* 
DM35 1/488* 



SDM56CK 



a Argon-ion laser (Omnichrome, Melles Griot). b Ti: sapphire laser 
(Tsunami, Spectra Physics). c Filters and mirrors obtained from Olym- 
pus. Others were from Omega. 

590DF35 (Omega) for ECFP and DsRed, respectively. ECFP 
and DsRed fused to CaM were observed using the same 
instruments. 

Dissociation Culture of Hippocampal Neurons. Primary 
neurons were prepared from Wistar rat embryos (E17-18) 
according to references (72, 73). Calcium phosphate pre- 
cipitation was used to transfect the neurons (74). 

Calcium Imaging Using Red Cameleons. The cDNAs of 
all red cameleons were constructed from the cDNA of yellow 
cameleon-2. 1, one of the improved yellow cameleons that 
have EYFP-V68L/Q69K. CRC2 (cyan red cameIeon-2) was 
made by substituting DsRed for EYFP-V681VQ69K. In 
addition to the substitution, replacement of ECFP with EYFP- 
V68L/Q69K and Sapphire produced YRC2 (yellow red 
cameleon-2) and SapRC2 (Sapphire red cameleon-2), re- 
spectively. HeLa cells and hippocampal neurons were 
transfected with mammalian expression vectors containing 
the genes for YRC2, CRC2, and SapRC2. They were imaged 
using the optical apparatus described in Table 1 (conventional 
microscopy) and Table 2 (one- or two-photon excitation laser 
scanning microscopy). The conventional microscopy system 
had a 75-W xenon lamp, an inverted microscope (IX 70, 
Olympus), a cooled CCD camera (MicroMax, Roper Sci- 
entific), and a filter changer (Lambda 10-2, Sutter Instru- 
ments) to alternate two emission filters for dual -emission 
ratio imaging. These instruments were controlled by Meta- 
Fluor 4.0 software (Universal Imaging). 

RESULTS 

Expression of DsRed in E. coli, and the Absorption and 
Emission Spectra. DsRed fused with Xpress tag (Invitrogen) 
at the N-terminus was expressed in E. coli. The tag contains 
six histidines followed by an enterokinase cleavage site; its 
molecular mass is 3.5 kDa. The temperature and time of E. 
coli incubation after addition of IPTG were optimized for 
efficient production of DsRed. Four different conditions [at 
room temperature (RT) or 37 °C, for 24 or 75 h] are listed 





condition after 




amount of 






IPTG addition 


prepared 


DsRed (mg/100 




sample 


temp 


time (h) 


from 


mL of culture) 


(%) 


DsRed RT .24 >P 


RT 


24 


cells 


9 


61 


DsRed RT .75. P 


RT 


75 


cells 


4 


13 


DsRed RT .75. s 


RT 


75 


supernatant 


15 


9 


DsRed37,24, P 


37 °C 


24 


cells 


13 


14 


DsRed37.24. s 


37 °C 


24 


supernatant 


6 


12 


DsRed 3 7j5, P 


37 °C 


75 


cells 


4 


6 


DsRed37.rs. s 


37 °C 


75 


supernatant 


24 


5 



in Table 3. DsRed was recovered from the medium as well 
as the cell lysate, since the fluorescence appeared also in 
the culture medium except at RT for 24 h, suggesting a 
warmer temperature to facilitate secretion of DsRed into the 
medium. DsRed with the tag was purified with a Ni— NTA 
column to a single band on SDS— PAGE (data not shown). 
We found that longer incubation at a warmer temperature 
yielded more red fluorescence in both bacteria and the 
medium. By contrast, Aequorea GFP is more abundantly 
expressed at lower temperatures and accumulates inside cells; 
incubation at RT for 24 h should usually yield sufficient 
production of Aequorea GFP. 

Figure 1A shows absorption and emission spectra of 
DsRed R T t 24,p. The absorption spectrum was broad with five 
peaks at wavelengths of 277, 335, 487, 530, and 558 nm. It 
differed slightly from that reported by Matz et al. (3); the 
277-nm and 487-nm peaks showed relatively higher ampli- 
tudes in the spectrum of DsRed RT ,24, P than in the spectrum 
previously reported (5). Since the absorbance at 277 nm 
represents the quantity of the purified protein, it suggested 
that the chromophore was less formed in the DsRed RT ,24, P 
sample. Next, the emission spectrum of DsRed RT ,24, P was 
obtained by excitation at the wavelength of each of the 
absorption peaks. When excited at 558, 530, or 335 nm, a 
peak appeared at 583 nm on the emission spectrum. In 
contrast, excitation of the protein sample at 487 or 277 nm 
gave rise to a minor peak at 500 nm in addition to the 583- 
nm peak. 

We noticed that a larger amount of red fluorescence was 
produced by incubated cells at a higher temperature and for 
a longer period. We suspected that better expression of 
DsRed resulted in a different spectral property. Therefore, 
we examined the spectra of DsRed37.75,s (Figure IB). The 
absorption spectrum corresponded well with that reported 
by Matz et al. (3). The 277-nm and 487-nm peaks were less 
significant in DsRed 37 .75.s than in DsRed RT ^4, P . Again, the 
emission spectra of DsReds?^ were obtained by excitation 
at the absorption peaks. The minor peak at 500 nm was 
essentially missing, when DsRed3 7 .75,s was excited at 277 and 
487 nm. These results suggested the presence of a subcom- 
ponent of fluorescence, which was excited at 277 and 487 
nm and emitted at 500 nm, and which resided transiently in 
DsRed during its maturation. 

Figure ID and IE show the excitation spectra of DsRed RT 24, P 
and DsRed37,75, s , respectively, with an emission wavelength 
of 583 nm. Also the excitation spectrum of DsRed rt\24. p with 
the emission at 500 nm is shown in Figure ID; there were 
two excitation peaks around 280 and 460 nm. Excitation of 
DsRed RT ,24. P at 460 nm gave both the major (583 nm) and 
the minor (500 nm) emission peaks. The ratio of peak 
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Figure 1 • (A-C) Absorption and emission spectra of DsRed RT .24. P (A), DsRed 37 . 75 . s (B), and DsRed -mu43 ^(C) . Tte emission spectra were 
obtained with excitation at the wavelengths denoted. (D and E) Excitation spectra of DsRed RT . 24 . p (D) and DsRed 3 , 75 (E) acquired with 
emission wavelengths of 583 nm (solid line) and 500 nm (D, dotted line). Excitation spectra were normalized with the highest value of the 
respective spectra The Raman peaks from water are indicated by **, and the peaks due to scattering of the excitation light by *. 

The presence of the subcomponent was further verified 
by obtaining a mutant DsRed (DsRed-mu43) which emitted 
principally at 500 nm. DsRed-mu43 carried two amino acid 
substitutions ( Y 1 20H/K1 68R). DsRed-mu43 absorbed at 277, 
452, 478, and 564 nm (Figure 1C), but not around 335 nm. 
Excitation at each of the absorption peaks gave the 500-nm 
peak and a tiny emission peak around 600 nm. In contrast 
to wild-type DsRed, incubation at 37 °C did not shift the 
emission spectrum to a longer wavelength (data not shown). 

Wild-type Aequorea GFP has a bimodal excitation spec- 
trum with peaks at 395 and 475 nm. Underlying the two 
maxima are protonated and deprotonated states of Tyr66, 
which forms part of the chromophore (2). Because the 
corresponding amino acid of the chromophore-forming triad 
in DsRed is also a tyrosine residue, we examined the pH- 
sensitivity of DsRed. Emission of DsRed 37 ,75,s at 583 nm was 
stable between pH 5 and 11 (Figure 3). /?soo/583 was not 
altered either when the emission spectra of DsRed RT ^4, P were 
measured at various pHs. 

Size-Exclusion Chromatography for DsRed Expressed in 
E. coli. DsRed R T.24,p was applied to Superdex 200, a size- 
exclusion column (Amersham Pharmacia), and chromato- 
grams were acquired by monitoring the absorption at 280 
nm (A280) for total protein, the absorption at 560 nm (/4 5 6o), 
and the fluorescence at 580 nm with excitation at 560 nm 
(^580/560) for the main fluorescence component. A single peak 
at 13.9 mL was detected on all three traces (Figure 4A). The 
same chromatogram was obtained using DsRed 37 ,75^ and 
DsRed-mu43 (data not shown). The fluorescence spectra of 
the peak fraction in Figure 4A and of DsRed RT .24. P were 
compared (Figure 4A, inset). The comparison indicated the 



Time-dependent 

by incubation at 37 °C. Emission spectra were obtained 
by excitation at 460 nm. Inset: Peak heights at 500 (circles) and 
580 (triangles) nm on die spectra are plotted against incubation 
time. They were fitted with exponential curves, and t values were 
estimated to be 6.3 and 8.4 h, respectively. 



amplitudes at 500 to 583 nm (/? 5 oo/583) was low when DsRed 
was produced at 37 °C and for 75 h, and was prepared from 
the medium. Assuming that there is a transition from the 
subcomponent emitting at 500 nm to the main component 
at 583 nm during maturation of DsRed, we attempted to 
mature DsRed RT ,24, P . Incubation of DsRed RT ,24, P at 37 °C 
resulted in a 68% reduction of the 500-nm peak with a 107% 
increase in the 583-nm peak, and thus /? 5 oo/583 decreased from 
61% to 10% (Figure 2). The temporal profiles of the decrease 
and increase were fitted with exponential curves with similar 
t values: 6.3 and 8.4 h, respectively (Figure 2, inset). In 
addition, all of the spectra passed through an isosbestic point 
(Figure 2). These results suggested a simple two-state 
mechanism for the transition. 
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Figure 3: pH-dependency of the fluorescence of DsRed. (A) 
Emission intensities at 583 nm with excitation at 558 nm for 
DsRed 37 ,75 ( s (open circles) and DsRed RT ,24. P (closed circles), and 
emission intensities at 500 nm with excitation at 460 nm for 
DsRed RT ,24, P (closed triangles) were measured at various pHs. Data 
were normalized with the highest values of respective samples. (B) 
Emission spectra of DsRed RT ,24.p at various pHs obtained by 
excitation at 460 nm. Buffers used were phosphate (pH 11), 
glycine-NaOH (pH 10, 9), HEPES— NaOH (pH 8), MOPS-NaOH 
(pH 7), MES— NaOH (pH 6), and sodium acetate (pH 5). 

main component and subcomponent not to be separable from 
each other by hydrodynamic behavior. We treated DsRed37j5.s 
with enterokinase to remove the Xpress tag, which might 
contribute to complex formation. Liberation of the tag was 
confirmed by SDS-PAGE followed by CBB staining (Figure 
4B, inset). The tag-free DsRed was eluted at 14.6 mL (Figure 
4B), and its apparent molecular mass was estimated to be 
75.6 kDa. 

Next, we determined the absolute molecular mass of 
DsRed37,75, s using a multiangle light scattering analysis. We 
applied the. enterokinase-treated sample onto two size- 
exclusion columns that were tandemly connected (KW-804 
and KW-803, Shodex), and analyzed the eluate using a 
multiangle laser light scattering photometer (Figure 4C). The 
absolute molecular mass was calculated to be 114.7 kDa. 
This value was 4.37 times larger than that (26.24 kDa) 
deduced from the primary structure of the enterokinase- 
treated DsRed. It was therefore concluded that the DsRed 
expressed in bacteria forms a homotetrameric complex. Since 
the same elution pattern was obtained with DsRed R T.24, P and 
DsRed-mu43 as well as DsRed 3 7.75, s , and even when the 
samples were diluted to 3.3 nM, the tetramer complex should 
be stable, irrespective of the fluorescence property or 
maturation state. 

Expression of DsRed in Mammalian Cells. Based on the 
temperature-dependent maturation of DsRed, we speculated 
that the maturation of red fluorescence might proceed 
efficiently in mammalian cells, which are usually kept at 37 
°C. First, we studied how soon the fluorescence appeared in 
cell extracts from HeLa cells that had been transfected with 
DsRed/pcDNA3. Figure 5 A shows emission spectra of the 




Butxmvotume (rrt) 

Figure 4: Size-exclusion chromatography of DsRed. DsRed R x,24. P 
(A) and enterokinase-treated DsRed 37 , 75 s (B) were applied onto 
Superdex 200, and chromatograms were obtained by monitoring 
^280, ^ 5 6o» and F 56 o/58o- The inset in (A) shows emission spectra of 
DsRed RTt2 4,p (dotted line) and of the fraction corresponding to the 
1 3.9-mL peak (solid line), acquired with excitation at 460 nm. The 
inset in (B) shows band patterns of DsRed3 7 , 75<s before and after 
the enterokinase treatment on SDS-PAGE followed by CBB 
staining. (C) Determination of the absolute molecular weight of 
the enterokinase-treated DsRed 37i7 5,s The molecular weight was 
calculated from data of MALS and overlaid on the chromatogram 

Of ,4280- 

cell extracts prepared 24, 48, and 72 h after transfection, 
which were excited at 460 and 558 nm. The main component 
(emission around 583 nm) emerged between 24 and 48 h 
after transfection, while the subcomponent (emission around 
500 nm) was undetectable. The extract at 72 h post- 
transfection was subjected to size-exclusion chromatography 
with monitoring of Fsw/sm (Figure 5B). Eluates were 
fractioned and subjected to immunoblotting analysis using 
an anti-DsRed antibody. Although three peaks (8.1, 14.7, 
and 21 .8 mL) were seen on the chromatogram, only the peak 
at 14.7 mL was shown to contain DsRed. This position was 
similar to that (14.6 mL) of the bacterially expressed DsRed 
that was treated with enterokinase. 

HeLa cells were cotransfected with DsRed/pcDNA3 and 
ECFP/pcDNA3. The fluorescence was observed using two- 
photon excitation microscopy with a 1047-nm pulse laser 
(Coherent) for DsRed and with an 800-nm pulse laser 
(Tsunami) for ECFP (Figure 6A,B). Although both DsRed 
and ECFP were apparently distributed throughout the cells, 
there was a slight difference in that the red fluorescence was 
observed evenly in the cytosol and nucleus, whereas the cyan 
fluorescence was slightly concentrated in the nucleus. When 
fused to calmodulin (CaM), the difference in distribution 
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Figure 5 : Emission spectra and size-exclusion chromatograms of 
DsRed expressed in HeLa cells. (A) Cell extracts were prepared 
24, 48, and 72 h after transfection, and their emission spectra were 
acquired with excitation at 460 and 558 nm. (B) The cell extract 
prepared after 72 h transfection was applied onto Superdex 200, 
and the red fluorescence was monitored (/*56o/58o)- The fractions 
were immunoblotted using anti-DsRed antibody. (B, inset) Calibra- 
tion curve for the size-exclusion chromatography. Standards used 
are /3-amylase (200 kDa), alcohol dehydrogenase (150 kDa), 
albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome 
c (12.4 kDa). 
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Figure 6: Distribution of DsRed and DsRed-CaM expressed in 
HeLa cells. Cells coexpressing ECFP and DsRed (A, B) or ECFP- 
CaM and DsRed- CaM (C, D) were imaged using a laser scanning 
microscope. Excitation beams for ECFP (800 nm, Tirsapphire laser) 
and DsRed (1047 nm, Nb. YLF laser) were alternately irradiated. 
Images for ECFP were acquired through BA465-495 (A, C) and 
for DsRed through 590DF35 (B, D). The bar shown in (A) indicates 
20 fim. 

between DsRed and ECFP was remarkable (Figure 6C,D). 
Regardless of CaM, the same distribution of cyan fluores- 
cence was observed. By contrast, the fluorescence of 



Biochemistry, Vol. 40, No. 8, 2001 2507 



yellow cameleon 2.11 ecfp c«m | g | EVFP-veauaes* 



YRC2 E YF P- V6BL/Q6 9K | CaM kl DsRed 



CRC2 1 ECFP I CaM |g| DsRed | 

Sa P RC2 1 Sapphira | CaM |g| C*W»d ~| 

Figure 7: Schematic structures of yellow cameleon-2. 1 , YRC2, 
CRC2, and SapRC2. 

DsRed— CaM showed many spots scattered over the cytosol, 
suggesting aggregation of the chimera proteins. 

Expression of Red Cameleons in HeLa Cells. Three red 
cameleons were constructed (Figure 7): yellow red cam- 
eleon-2 (YRC2), cyan red cameleon-2 (CRC2), and Sapphire 
red cameleon-2 (SapRC2). These camelons contained DsRed 
as the acceptor and EYFP-V68IVQ69K, ECFP, and Sapphire, 
respectively, as the donor. All the red cameleons had intact 
CaMs, and thus exhibited a relatively high affinity for Ca 2+ 
(/T'd = 0.2-0.4 ^M; data not shown). We expressed the red 
cameleons in HeLa cells and obtained sectional images of 
[Ca 2+ ] c . Selective excitation of the donor GFP over the 
acceptor DsRed was attempted using a 488-nm beam argon 
laser for YRC2 and using a mode-locked titanium— sapphire 
laser with wavelengths of 770 and 800 nm for SapRC2 and 
CRC2, respectively. The laser power was tuned to produce 
sufficient fluorescent signal from the donors. The red 
cameleons were distributed evenly in the cytosol, with no 
signs of aggregation. Transient rises in [Ca 2+ ] c were observed 
when the cells were stimulated with histamine (10 //M). 
However, the emission ratios of YRC2 (Figure 8 A) and 
CRC2 (Figure 8B) gradually fell to levels that were below 
the prestimuli baselines. By contrast, the emission ratio of 
SapRC2 rose and fell reversibly (Figure 8C). Thus, meaning- 
ful R max and R m i n values were obtained in the experiments 
using SapRC2. 

Red Cameleons Expressed in Primary Neurons. YRC2 and 
SapRC2 were expressed in dissociated hippocampal neurons, 
in which not only elevation in [Ca 2+ ] c but also decrease in 
intracellular pH occurs by glutamate and/or depolarization 
stimuli. Imaging was performed using a conventional mi- 
croscope. Figure 9 A shows the spontaneous oscillation in 
[Ca 2+ ] c observed in a neuron expressing YRC2. The neuron 
was connected with several other neurons, and oscillatory 
changes in [Ca 2+ ] c occurred synchronously in all the neurons. 
The oscillations were augmented when the neurons were 
stimulated with 1 fxM glutamate and suppressed by the 
application of 1 TTX. A slight drop in the baseline of 
donor signals (the fluorescence of EYFP-V68L/Q69K) was 
observed after glutamate stimulation (Figure 9B). Transient 
changes in [Ca 2+ ] c induced by depolarization were compared 
in YRC2-expressing and SapRC2-expressing neurons. The 
application of 20 mM KC1 was shown to decrease the 
intracellular pH by 0.2-0.4. In addition to the Ca 2+ response, 
the fluorescence of EYFP-V68L/Q69K (the donor of YRC2) 
was suppressed for over 300 s (Figure 10B), whereas no 
long-term effects on the fluorescence of DsRed were 
observed. Therefore, the decay in the [Ca 2+ ] c transient was 
judged to be very slow (Figure 10A). In contrast, the 
fluorescent signals of Sapphire and DsRed changed recipro- 
cally (Figure 10D), and the emission ratio of SapRC2 quickly 
returned to the basal level (Figure 10C). 
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Figure 8: Histamine-induced [Ca 2+ ] c transients in HeLa cells 
expressing YRC2 (A), CRC2 (B), and SapRC2 (C). In (A) and 
(C), traces were obtained from cells indicated with white arrow 
heads. Insets show fluorescence images acquired through the donor 
channels described in Table 1 . Perfusate was changed to buffer 
containing 10 /iM histamine during the time indicated with bars. 
R max and values are indicated on the right (C). 
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Figure 9: Oscillation in [Ca 2+ ] c observed in a hippocampal neuron- 
expressing YRC2. (A) Ratio of >565-nm to 535-nm emissions. 
(B) > 565-nm (open circles) and 535-nm (closed circles) emissions. 
Perfusate was changed to buffer containing 1 fiM glutamate (Glu) 
or 1 /*M tetrodotoxin (TTX) during the time indicated in (A). 

DISCUSSION 

The fluorophores for multi-labels and FRET should have 
sharp excitation and emission spectra, allowing cross- 
excitation or cross-detection to be minimized. However, 
DsRed shows broad and complex spectra. The fluorophores 
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Figure 10: Depolarization- induced [Ca 2+ ] c transients in hippo- 
campal neurons expressing YRC2 (A and B) and SapRC2 (C and 
D). The inset in (C) shows a fluorescence image of the neuron 
expressing SapRC2 acquired through the donor channel described 
in Table 2. (A) Ratio of > 565-nm to 535-nm emissions. (C) Ratio 
of > 565-nm to 510-nm emissions. (B and D) Individual emissions 
of acceptor (open circles) and donor (closed circles). Perfusate was 
changed to the buffer containing 20 mM KC1 during the time 
indicated with bars. 

functioning as fusion tags are required not to form a multimer 
complex; otherwise proteins with the tags might show altered 
functions or distributions. However, DsRed forms a stable 
homotetramer complex. In the present study, we investigated 
the spectral and structural properties of DsRed, and examined 
how these properties affected the usefulness of DsRed for 
fluorescence imaging. 

Our spectral analyses revealed DsRed to have two 
fluorescent components: one component emitting at 583 nm, 
and the other emitting at 500 nm. Although the 583-nm peak 
is always predominant, the recombinant DsRed produced in 
£. coli at RT had a significant amount of the subcomponent 
emitting at 500 nm. We found that incubation at 37 °C caused 
a transition from green (the subcomponent) to red (the main 
component), thereby increasing the amplitude of the 583- 
nm peak, at the expense of the 500-nm peak. The temporal 
profile of the transition suggests that there are two states: 
one favors the main component, and the other the subcom- 
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ponent. We did not detect the shift from red to green when 
we incubated DsRed 3 7,75.s at various temperatures and pHs. 
Since the transition was always unidirectional, we assume 
that it reflects maturation of DsRed. The more rapid 
maturation of DsRed at 37 °C than at RT contrasts with the 
better folding of Aequorea GFP at lower temperatures. Such 
a difference could be explained by the temperature of the 
water in which the organisms live; Aequorea victoria in 
Puget Sound vs Discosoma in the Indo-Pacific ocean (J, 15). 
Although the two fluorescent components are complex, and 
barely separable, a comparison of the emission spectra 
excited at 277 nm between DsRed 37 .75, s and DsRed RTT 24, P does 
give some information. The emission peak at 330 nm was 
less significant in the spectrum of DsRed 37 ,75,s than in that 
of DsRed RT .24, P . The 277-nm light probably excites three 
tryptophans in DsRed (W58, W93, and W143). Since there 
is a spectral overlap between the emission of tryptophan and 
the absorption spectrum of the main component around 330 
nm, the excited-state energy of the tryptophans should be 
used to produce the main component. 

In the wild-type Aequorea GFP, there coexist neutral and 
anion chromophores, which give two absorption peaks at 395 
and 475 nm. A subset of mutations has simplified the spectra 
to single absorption peaks at either 395 or 475 nm (2). We 
were interested in obtaining mutants of DsRed that would 
mature quickly. Such mutants should be purely red, and 
desirable for almost all cell-biological applications. How- 
ever, every randomly introduced mutation slowed the 
maturation process. One representative mutant was DsRed- 
mu43 (Y120H/K168R), in which the subcomponent always 
predominated. 

To what extent is the presence of the subfluorescent 
component of concern in general cell biological studies? The 
subcomponent was not detected in HeLa cells. Thus, DsRed 
proteins expressed in mammalian cells are likely to mature 
very rapidly, so long as the cells are kept at 37 °C. However, 
the rate of DsRed maturation might be regulated by factors 
other than incubation temperature, including the effect of 
fusion to other proteins. It should be noted that even without 
the subcomponent, the excitation spectrum of the mature 
DsRed (the main component) is broad. Therefore, the current 
DsRed suffers from cross-excitation when shorter wavelength 
GFPs are illuminated in multilabel and FRET experiments. 

The native DsRed is composed of four polypeptide chains 
associated through noncovalent bonds. It is interesting to 
study the inter-relationships between chromophore formation 
and chain folding or chain association. Size-exclusion 
chromatography and multiangle light scattering analysis 
detected only one molecular species, which was the fluo- 
rescent tetrameric complex of DsRed. No intermediate 
species such as the monomer and dimer DsRed were 
observed at the protein level. These findings suggest that 
the synthesized DsRed protein is tetramerized very quickly. 
In addition, since sensitive fluorescence detection did not 
recognize any intermediates, DsRed probably becomes 
fluorescent after forming the tetrameric complex. Oligomeric 
association is possibly necessary for chromophore formation 
and maturation (the conversion from green to red). Further- 
more, we did not succeed in partial or total dissociation of 
the DsRed complex while maintaining the fluorescence, using 
moderate concentrations of denaturants (8 M urea and 6 M 
guanidinium chloride), a detergent (1% SDS), reductants (0.1 
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M DTT and 0.1 M /?-mercaptoethanol), and extremes of pH 
(pH 3). It was therefore suggested that the tetrameric complex 
is required to maintain fluorescence. 

Generally a globular protein larger than 60 kDa is hardly 
able to enter the nucleus. Although DsRed forms a tetrameric 
complex of 115 kDa, the red fluorescence was distributed 
homogeneously through both the cytosol and nucleus of 
HeLa cell. Because the tetrameric complex species was 
exclusively predominant in the cell extract, it is less likely 
that there was an equilibrium between the tetramer and dimer 
or monomer, and that such small molecules passed through- 
out the nuclear pores. An alternative explanation is that the 
DsRed tetramer is not globular, but taking certain shape so 
that it can pass freely through the cylindrical channel about 
9 nm in diameter. The peculiar structure of DsRed tetramer 
was suggested from its hydrodynamic behavior; size-exclu- 
sion chromatography estimated the smaller molecular mass 
(75.6 kDa). 

In this study, we tried a differential detection of CaM- 
fused CFP and DsRed expressed in single cells. It was shown 
that CFP was selectively excited over YFP by a femtosecond- 
pulsed Ti: sapphire laser in the excitation wavelength range 
of 770-810 nm (76). How can we image the fluorescence 
of DsRed with two-photon excitation microscopy? Although 
it is difficult to make quantitative predictions about the 
behavior of two-photon absorption from the one-photon 
spectrum, assuming that the structure of the DsRed chro- 
mophore was not symmetrical, we expected that DsRed could 
be excited at the wavelength of twice the one-photon 
absorption maximum (558 nm). We used an Nd:YLF laser 
(1047 nm in 170 fs pulses at a repetition rate of 120 MHz). 
Two laser beams from a Ti: sapphire laser (800 nm in 80— 
100 fs pulses) and the Nd:YLF laser were alternately used 
to excite ECFP and DsRed, respectively. Then we observed 
that DsRed-CaM and ECFP-CaM were differently distrib- 
uted in single HeLa cells. The cytoplasmic aggregation of 
the DsRed-CaM, however, does not necessarily mean that 
DsRed is inappropriate as a tag onto CaM. Making soluble 
fusion proteins of CaM and DsRed by switching the order 
of the two protein domains with various linkers is now 
underway. 

We noticed significant bleaching of DsRed while we 
imaged cells using laser scanning confocal microscopy, while 
when HeLa cells expressing DsRed were illuminated with 
strong light from a xenon lamp through a 550DF30 filter 
(0.74 W/cm 2 ), the red fluorescence was not significantly 
bleached within 1 h (H.M., A.S., and A.M., unpublished 
results). Therefore, we assume that DsRed is relatively more 
sensitive to brief but extremely intense bursts of excitation 
light than to continuous-illumination light, although bleaching 
of fluorophore is a complex phenomenon and is related to 
many factors, such as light intensity, illumination time, 
oxygen concentrations, etc. 

When DsRed is used as an acceptor for FRET, the 
following two characteristics of DsRed which we found in 
the present study should be taken into consideration. 

(1) DsRed exhibits a broad excitation spectrum, even after 
maturation. In addition to an excitation maximum at 558 nm, 
several peaks and shoulders in the shorter wavelength region 
are present. Therefore, DsRed is not an ideal acceptor for 
FRET; cross-excitation of DsRed may affect the signal 
obtained through the FRET channel. 
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(2) DsRed is pH-resistant. In this respect, a pH-resistant 
FRET can be obtained if the donor GFP has a pH-insensitive 
quantum yield (77). 

The combination of YFP and DsRed suffers from a cross- 
excitation of acceptors. Both the 488-nm laser beam of argon 
and illumination with light from a xenon lamp through a 
480DF10 filter directly excited a large amount of DsRed. 
Therefore, the relative sensitivity to pH and light of YFP 
and DsRed affects the ratio value of the two emission signals. 
Figure 8A shows one example, in which the 488-nm laser 
bleached DsRed more than YFP (EYFP-V68L/Q69K) of 
YRC2; in another experiment using HeLa cells illuminated 
with the light through a 480DF10 filter, EYFP-V68L/Q69K 
was more bleached than DsRed of YRC2 (results not shown), 
suggesting again the vulnerability of DsRed to laser light. 
On the other hand, only EYFP-V68LVQ69K was quenched 
by acidification in primary neurons expressing YRC2 
(Figures 9A,B and 1 0A,B). In all cases, the emission ratio 
curves were disturbed. Without such cross-excitation, the 
bleaching and pH sensitivity of YFP would not be a concern 
because the decrease in the number of YFP molecules or 
pH-dependent changes in the absorbance of YFP would not 
affect the FRET efficiency (17). 

Cross-excitation of DsRed was also seen when cells were 
illuminated through a 440DF20 filter and with an 800-nm 
beam from a pulsed laser, both of which were used with the 
intention of excitating CFP selectively. While ECFP was 
relatively photostable against the 800-nm beam from a Ti: 
sapphire laser, DsRed was noticeably bleached; therefore, 
the ratio value (590/480 nm) gradually fell (Figure 8B). Also, 
CFP is not an ideal donor because of its pH-sensitive 
quantum yield (77). 

Sapphire is thought to be a good donor because it is 
resistant to pH (pK a = 5.5) (77) and light, and exhibits a 
large Stoke' s shift (8). It should be noted that DsRed is not 
excited by light around 400 nm, which is the most effective 
wavelength for exciting Sapphire. Thus, the pairing of 
Sapphire -DsRed would not suffer from the above-mentioned 
cross-excitation. Two-photon excitation using a 770-nm- 
pulsed laser (Figure 8C) and light through a 400DF15 filter 
(Figure 10C,D) produced stable baselines. Although substitu- 
tion of EYFP-V68L/Q69K for EYFP reduced the pH- 
sensitivity of the most popular cameleons, yellow cameleons 
to some extent (7), more pH-resistant cameleons have been 
desired. For instance, neuronal activity gives rise to signifi- 
cant acidification in neuronal cells during depolarization and 
glutamate stimulation. Since both Sapphire and DsRed are 
indifferent to pH changes, the red cameleon containing the 
two proteins enabled the quantitative measurement of [Ca 2+ ] c 
in hippocampal neurons (Figure 10C,D). 

A general advantage of using Aequorea GFP and DsRed 
for FRET would be that there is less interaction between 
the donor and the acceptor than between two Aequorea GFP 
variants. However, our MALS analysis revealed a high 
molecular mass (approximately 300 kDa) for the red cam- 
eleons, indicating their homotetrameric formation. Although 
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the present study demonstrates that they can work as Ca 2+ 
indicators despite the oligomerization, the use of the current 
DsRed as a FRET acceptor would not be suitable for 
monitoring intermolecular protein— protein interactions in 
single living cells. 

ADDED IN PROOF 

Three reports published following the submission of paper 
have characterized the biochemistry (18) and photophysics 
(79) of DsRed, and determined the structure of its chro- 
mophore (20). 
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GFP (green fluorescent protein)-based FRET (fluorescence res- 
onance energy transfer) technology has facilitated the exploration 
of the spatio-temporal patterns of cellular signalling. While most 
studies have used cyan- and yellow-emitting FPs (fluorescent pro- 
teins) as FRET donors and acceptors respectively, this pair of 
proteins suffers from problems of pH-sensitivity and bleeding 
between channels. In the present paper, we demonstrate the use 
of an alternative additional donor/acceptor pair. We have cloned 
two genes encoding FPs from stony corals. We isolated a cyan- 
emitting FP from Acropara sp., whose tentacles exhibit cyan col- 
oration. Similar to GFP from Renilla reniformis, the cyan FP forms 
a tight dimeric complex. We also discovered an orange-emitting 
FP from Fungia concinna. As the orange FP exists in a complex 
oligomeric structure, we converted this protein into a monomeric 



form through the introduction of three amino acid substitutions, 
recently reported to be effective for converting DsRed into a 
monomer (Clontech). We used the cyan FP and monomeric orange 
FP as a donor/acceptor pair to monitor the activity of caspase 3 
during apoptosis. Due to the close spectral overlap of the donor 
emission and acceptor absorption (a large Forster distance), sub- 
stantial pH-resistance of the donor fluorescence quantum yield 
and the acceptor absorbance, as well as good separation of the 
donor and acceptor signals, the new pair can be used for more 
effective quantitative FRET imaging. 

Key words: donor/acceptor pair, fluorescence resonance energy 
transfer (FRET), green fluorescent protein (GFP), green fluore- 
scent protein (GFP)-like protein. 



INTRODUCTION 

While spectral variant proteins with blue, cyan and yellow-green 
emissions have been generated from the bioluminescent jellyfish, 
Aequorea victoria [1], the discovery of GFP (green fluorescent 
protein)-like proteins from Anthozoa has significantly expanded 
the range of colours available for biotechnological applications. 
In 1999 Matz et al. [2] cloned six anthozoan naturally FPs 
(fluorescent proteins), all of which had 26-30% identity with 
Aequorea GFP One of the novel FPs cloned from a red Dis- 
cosoma species, drFP583, commercially known as DsRed, was 
demonstrated to show red-shifted excitation and emission spectra. 
The family of 'GFP-like proteins' continues to expand further 
[3,4]. To date, over 30 significantly different family members 
have been reported. In addition to sharing a modest degree of 
sequence identity, all GFP-like proteins probably share the same 
general jtf-can fold and possess intrinsic chromophores [3]. 

In the present paper, we present the molecular cloning and 
characterization of two FPs from stony coral animals, a CFP (cyan 
FP) derived from Acropara sp. and an orange FP from Fungia 
concinna. We utilized these two FPs as a novel donor/acceptor pair 
for FRET (fluorescence resonance energy transfer) measurements 
detecting caspase 3 activity during an apoptotic process. The 
performance of this donor/acceptor pair is highly effective, 
possibly proving to be as useful an experimental system as the 
common CFP/YFP (yellow FP) pair. 



EXPERIMENTAL 

cDNA cloning and gene construction 

Samples of the Acropara and Fungia stony corals were acquired 
from the ocean near the Okinawa islands by Dr K. Iwao (Akajima 
Marine Science Laboratory, Okinawa, Japan). Total RNA was iso- 
lated from the corals by guanidine thiocyanate extraction [5]. 
Synthesis, amplification using degenerate primers, and generation 
of full-length cDNA were performed as previously described 
[2] using the following degenerate primers: 5'-GAAGGRT- 
GYGTCAAYGGRCAY-3' and 5 -ACVGGDCCATYDGVAAG- 
AAARTT-3'. The cDNA encoding the protein -coding region 
was amplified using primers containing 5' BamH\ and 3' EcoRl 
sites. The digested product was then cloned in-frame into the 
BamHVEcoKl sites of pRSETB for bacterial expression. The 5' 
end of the gene was modified by PCR to contain a Kozak con- 
sensus sequence (CCACCATG) after the BamWl site to promote 
efficient transcription. The BamHVEcoKl fragment was then 
subcloned into the mammalian expression vector, pcDNA3 
(Invitrogen). 



Mutagenesis 

Site-directed and semi-random mutations were introduced as 
described [6]. For semi-random mutants, multiple degenerative 
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primers were used to mutate amino acid residues at multiple sites 
simultaneously. 

Protein expression, in vitro spectroscopy and pH titrations 

Proteins were expressed in Escherichia coli, purified, and chara- 
cterized spectroscopically as described previously [7]. Fluore- 
scence quantum yields were determined using fluorescein as a 
standard (0.91). For calculation of molar absorption coefficients, 
protein concentrations were measured using a Bradford assay kit 
(Bio-Rad) with BSA as the standard. pH titrations were performed 
as described [7]. 

Analytical ultracentrifugation 

Sedimentation equilibrium experiments were performed using a 
Beckman An60Ti rotor on a Beckman XL-1 analytical ultracen- 
trifuge at 25 °C. Absorbance was measured at the maximum 
wavelength as a function of radius at 25 000 rev./min. Using this 
system, the tetramerization of DsRed [8] was verified. 

Fluorescence imaging 

HeLa cells were grown on 35-mm glass-bottom dishes in 
Dulbecco ; s modified Eagle's medium containing 10% (v/v) 
foetal bovine serum. At 2-4 days after transfection with Polyfect 
(Qiagen), cells in Hanks balanced salt solution buffer (Gibco) were 
treated with 500 ng/ml anti-Fas antibody: (CH-11; Medical & 
Biological Laboratories Co. Ltd), then subjected to imaging. 
FRET images were acquired on the Aquacosmos/Ashura system 
(Hamamatsu Photonics) using an IX-71 inverted microscope 
equipped with a Uapo 340 40 x 1 .35 NA oil-immersion objective 
(Olympus), a 440AF21 excitation filter, a 455DRLP dichroic 
mirror, a 480 ALP emission filter and a three CCD (charge- 
coupled device) colour camera (C7780-22; Hamamatsu Photo- 
nics). Image acquisition and analysis were performed using 
Aquacosmos 2.5 software (Hamamatsu Photonics). 

RESULTS AND DISCUSSION 

Two fluorescent coral animals were collected in the Okinawa 
islands. Acropara sp. shows cyan coloration in the tips of its ten- 
tacle. Fungia concinna emits an orange fluorescence from its 
whole body. Degenerate primers served to amplify cDNAs from 
the samples. The primers represented variations of several regions 
whose amino acid sequences are conserved among GFP-like 
fluorescent proteins from Anthozoa species. The missing 5' and 3' 
ends of the cDNA fragments were amplified using RACE (rapid 
amplification of cDNA ends). cDNA clones #301 and #1 1 were 
obtained from Acropara sp. and F. concinna respectively. 

A CFP, MiCy 

Based on amino acid alignment (Figure 1), clone #301 appeared 
to encode the full-length protein. Transformation of the isolated 
cDNA into E. coli produced bright cyan colonies. The addition of a 
His 6 tag at the N -terminus of the protein allowed purification using 
metal-affinity chromatography. As the protein, derived from the 
Acropara organism whose Japanese name is Midori-ishi, emitted 
cyan fluorescence, we named this novel FP MiCy. The closest 
orthologue is amFP486, a CFP cloned from Anemonia majano 
[2], which shares 48.2% identity. Similar to amFP486, MiCy 
possesses a tyrosine residue at the second amino acid of the 
chromophore-forming tripeptide, while ECFP (enhanced CFP) 
has a tryptophan residue at this position. The absorption spectrum 
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Figure 1 Amino acid sequence (single-letter code) alignment of DsRed, 
mRFP1,K0,mK0 and MiCy 

in the sequence ol MiCy, the ^-sheet-forming regions are underlined. Residues whose side 
chains torm the interior of the 0-can [20J are shaded in grey. In the mRFP1 sequence, the 
substituted amino acids are shaded in yellow. In the sequence of mKO, the substituted amino 
acids that disrupt dimeric structure, increase folding efficiency and inhibit aggregation are 
shaded in blue, red and green respectively. In the sequences of both KO and mKO, the artificial 
regions are boxed in red. The residues responsible for chromophore synthesis are indicated by 
an asterisk. 



of MiCy at pH 7.4 displayed two peaks, one at 472 nm (e = 
27 250 M- 1 cm- 1 ) and one at 380 nm (£ = 15000 M -1 - cm - ') 
(Figure 2A). With decreasing pH, the amplitude of the 472-nm 
peak decreased, while that of the 380-nm peak increased conco- 
mitantly, exhibiting an isosbestic point at 413 nm (results not 
shown). This pH-dependency indicates that the 380- and 472-nm 
peaks correspond to the neutral and ionized states of the phenolic 
hydroxy group of the chromophore respectively [1]. The protein 
had an apparent pK A of 6.6 (Figure 2D). 

Excitation and emission spectra of MiCy are displayed in Fig- 
ure 3(A). While the neutral form of the protein was non-fluor- 
escent, the ionized form was highly fluorescent; the fluorescence 
quantum yield (<t>) was determined to be 0.90. The fluore- 
scence spectra displayed the same pH dependency as the absor- 
ption spectrum, indicating that the <l> of MiCy was pH-resistant. 
Due to the high value and pH-resistance of the 4>, MiCy would 
probably be a more efficient and reliable donor for FRET than 
ECFP. In addition, fluorescence lifetime measurement revealed 
that MiCy fluorescence displayed as a single exponential decay 
with a time constant of 3.4 ns (Table 1 ). In contrast, ECFP exhibits 
a bi-exponential decay with 1 .6 ns and 3.9 ns time constants. The 
simplicity of MiCy excited-state fluorescence decay makes it an 
ideal donor for fluorescence lifetime imaging experiments. 

We determined the absolute molecular mass of MiCy to be 
59.7 kDa by analytical equilibrium ultracentrifugation analysis 
(Figure 4A). This value was twice as large as larger than the value 
(29.9 kDa) deduced from the primary structure of the protein, sug- 
gesting that MiCy forms a homodimeric complex similar to 
GFP from the bioluminescent sea pansy, Renilla reniformis 
[9]. Since all of the non-bioluminescent Anthozoan GFP-like 
proteins characterized so far form obligate tetramers [3], the 
dimer formation of MiCy may indicate structural divergence of 
the protein family. 
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Figure 2 Light-absorption properties of the new fluorescent proteins 

Absorption spectra of MiCy {A), K0 (B) and mKO (C), and the pH-dependence of the absorption 
(Abs.) peak at the maximum (D). 



An orange fluorescent protein, KO (Kusabira-Orange) 

The cDNA clone from F concinna (#11) demonstrates 46.7% 
identity with amFP486. Upon transformation into E. coli, how- 
ever, no fluorescent colonies were formed. Sequence alignment 
revealed that, in reference to other FPs, the encoded protein 
lacked approximately ten amino acids at the N-terminus. We 
therefore attached an artificial amino acid sequence, Met-Ser- 
Val-Ile-Lys-Pro-Glu, to the N-terminus (Figure 1). The resulting 
protein produced bright orange fluorescent bacterial colonies. As 
F. concinna is known in Japanese as Kusabira-Ishi, we named the 
protein Kusabira-Orange (KO). 

We analysed the spectral properties of recombinant KO 
prepared from bacteria. At pH 7.4, KO displayed a major absor- 
ption wavelength maximum at 548 nm (e — 109750 M _l - cm -1 ) 
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Figure 3 Normalized excitation (broken line) and emission (solid line) 
spectra of MiCy (A), K0 (B) and mKO (C) 

Fluo.lnt., fluorescence intensity. 



with a slight shoulder at 515 nm (Figure 2B). The large value of 
the molar absorption coefficient suggested the efficient maturation 
of the chromophore. A green-fluorescent intermediate appeared 
transiently in the course of chromophore maturation of KO, as 
seen for DsRed (results not shown). At significantly low pHs, 
an emission peak was also detected at approx. 423 nm. The 
relative intensities of these two absorption peaks changed with 
pH, indicating that the 423- and 548-nm peaks correspond to 
the neutral and ionized states of the phenolic hydroxy group 
of the chromophore respectively. The absorption spectrum of 
KO was pH-insensitive; the apparent pKa was determined to be 
below 5.0 (Figure 2D). Excitation and emission spectra of KO 
are shown in Figure 3(B). Following excitation at 500 nm, the 
protein emitted a bright orange fluorescence, peaking at 561 nm. 
The fluorescence intensity decreased slightly with increasingly 
acidic pH, exhibiting a similar apparent pK a (<5.0) as seen for 
the absorption spectrum. Thus the fluorescence quantum yield 
(0 = 0.45) is not pH-sensitive. We subjected the KO protein to 
analytical equilibrium ultracentrifugation analysis to calculate the 
absolute molecular mass of 77.0 kDa. This value was 2.75 times 
larger than that (28.0 kDa) deduced from the primary structure 



Table 1 Biochemical and spectral properties of ECFP, MiCy, K0 and mKO 



Protein 


Excitation/emission maxima (nm) 


Molar absorption coefficient {M _1 


- cm -1 ) Fluorescence quantum yield 


pH-sensitivity (ptf a ) 


Fluorescence lifetime (ns) 


Number of amino acids 


ECFP 


435/478 


28750(435 nm) 


0.40 


5.5 (0) 


1.60, 3.90 


238 


MiCy 


472/495 


27250(472 nm) 


0.90 


6.6(e) 


34 


232 


KO 


548/561 


109750 (548 nm) 


0.45 


< 5.0(e) 


4.2 


217 


mKO 


548/559 


51 600 (548 nm) 


0.60 


5.0(e) 


4.1 


217 
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Fioure 4 The equilibrium radial absorbance profiles at 25 000 rev./min by 
analytical ultracentrilugation analysis for MiCy (59.7 kDa) (A), KO (77.0 kDa) 
(B), and mKO (28.1 kDa) (C) 

of the protein, suggesting that KO may exist in a heterogeneous 
oligomeric state, including dimers and tetramers. 

Due to the development of new techniques allowing efficient 
discrimination of distinct fluorophores with overlapping emission 
spectra, such as the linear unmixing method [10], any small 
shift in the emission spectrum of novel FPs from established 
proteins would make the protein useful. Besides, there is a gap 
between green and red or between yellow and orange-red in the 
emission spectra of Aequorea GFP variants and GFP- like proteins 
from Anthozoa. Thus a true orange FP, such as KO, may greatly 
expand the repertoire of fluorescent dyes available for multicolour 
imaging. 

Construction of a monomeric version of K0, mKO 

A monomeric version of DsRed, called mRFPl, was previously 
generated by alteration of 33 amino acids [11]. KO has endo- 
genous amino acid residues corresponding to six of the substi- 
tutions: Thr 21 -> Ser, Asn 42 Gin, Lys 163 Met, Ser' 79 Thr, 
lie 180 -> Thr and Thr 217 Ala (numbering is based on DsRed). 
Assuming that the KO oligomer exhibits a similar structure to the 
DsRed tetramer, we introduced three mutations (Phe 102 Ser, 
Ala 1 * -> Ser and Val l2? Thr) into the AB interface and four 
mutations (Cys' 51 Ser, Phe 162 Tyr, Phe 193 -* Tyr and 
G!y»95 ser) into the AC interface of KO. We then performed 
additional mutagenesis to obtain a brighter KO molecule. Twelve 
mutations (Lys" Arg, Val 25 -> He, Lys 32 -+ Arg, Ser 55 Ala, 
Thr 62 -+ Val, Gin 96 Glu, Glu' 17 -+ Tyr, Val 133 -+ He, Ser 139 
Val Thr 150 Ala, Ala 166 -+ Glu and Gln ,90 ->Gly) and three 
mutations (Phe 13 Tyr, Cys' 15 -» Thr and Cys 2 ' 7 -> Ser) were 
introduced to increase the folding efficiency and the solubility 
of the mutants respectively (Figure 1). The resulting protein 
retained the original bright orange fluorescence. The absolute 
molecular mass of 28. 1 kDa (Figure 4C), determined by analytical 
equilibrium ultracentrifugation, is almost identical with the 
predicted size (28.0 kDa). This molecule was named mKO. 



o 



Q> 
N 

lo 

E 
i— 
o 




300 



400 500 600 
Wavelength (nm) 




300 



T" 

400 500 600 

Wavelength (nm) 



MiCy 



GGSGGDEVD6T66S 



mKO 




450 



500 550 600 
Wavelength (nm) 



Figure 5 FRET between MiCy and mKO 

(A) Normalized excitation (broken line) and emission (solid line) spectra ol MiCy and mKO. 

(B) Normalized excitation (broken tine) and emission (solid line) spectra of CFP and YFP. 

(C) Primary structure ol the caspase-3-sensor protein. (D) Emission spectra of the caspase-3- 
sensor with excitation at 440 nm before (light grey) and after (dark grey) incubation with caspase 
3. Inset, overt appearance of the sample tubes. Fluo.lnt., fluorescence intensity. 

mKO exhibited similar fluorescence properties to KO (Fig- 
ures 2C and 3C), but demonstrated a small decrease in light- 
absorbing ability (e = 51 600 M~ ] • cm" 1 at 548 nm) and a slight 
decrease in pH-resistance (apparent pAT, = 5.0) (Figure 2D). mKO 
also exhibits a higher fluorescence quantum yield than KO (0.60 
compared with 0.45). Similar improvements in the fluorescence 
quantum yield were observed following oligomer into monomer 
conversion of a subset of Anthozoa fluorescent proteins, such as 
AG (Azami-Green) [12], although the production of mRFPl was 
accompanied by decreased quantum yield [11]. 

Imaging of activity of caspase 3 through measurement of FRET 
between MiCy and mKO 

The normalized excitation and emission spectra of MiCy and 
mKO (Figure 5A) demonstrate good overlap between the MiCy 
emission and the mKO excitation spectra, suggesting that the 
combination of MiCy and mKO may make a good donor/acceptor 
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Figure 6 FRET imaging of caspase 3 activity during an apoplotic process 

(A) FRET .mages of HeLa cells displayed in real colour and pseudo colour (ratios). Scale bar. 20 M M. (B) Time courses oi the 059/495 nm emission ratios observed in the three cells indicated 



in (A). 



pair for FRET. Construction of the unimolecular fluorescent 
indicator, encoded by a single gene, principally requires that either 
the donor or acceptor FP be monomeric. Thus we did not dis- 
rupt the ability of MiCy to dimerize; we linked the C-terminus of 
MiCy and the N-terminus of mKO using a peptide containing 
the caspase 3 cleavage sequence, DEVD (Asp-Glu-Val-Asp) 
(Figure 5C) [13,14]. The recombinant protein, prepared in bac- 
teria, was examined using an excitation wavelength of 440 nm. 
FRET was observed as a decrease in the emission peak at 
495 nm and an increase in the peak at 559 nm. Incubation of 
the sample with an activated recombinant caspase 3 (3.7 fig/m\) 
at 30 °C for 120 min completely abolished the FRET signal. The 
change in colour before and after treatment with caspase 3 was 
easily recognizable by eye as seen using a common digital camera 
through a Wratten film passing light of longer than 480 nm with 
excitation at 440 nm (Figure 5D, inset). The emission ratio of 
559/495 nm decreased 14-fold. Neither caspase 8 nor caspase 9 
altered the emission spectrum (results not shown). Therefore the 
chimaeric MiCy-mKO protein functions as a specific sensor for 
caspase 3 activity, despite dimerization of MiCy. After expressing 
this caspase-3-sensor protein in HeLa cells, we detected the two 
signals from MiCy and mKO simultaneously using a colour CCD 
camera containing three CCD chips (Figure 6). Following a 1 .5-h 
exposure to 500ng/ml anti-Fas antibody (CH-11) and 10/xg/ml 
cycloheximide at 37 °C, the value of the 559/495 emission ratio 
dropped progressively from 1 .2 to 0.2 just before the shrinking of 
cells characteristic of apoptosis. 



For broader FRET applications, any oligomerization induced 
through the fusion of an oligomerizing donor or acceptor FP is 
problematic. The engineering of a completely monomeric MiCy 
variant is now under way. 

pH-sensitivity of FRET pairs: MiCy/mKO compared with CFP/YFP 

Multiple critical cellular organelles, such as lysosomes, have ex- 
treme pHs. Even within the cytosol, alkalinization and acidi- 
fication may occur during metabolic stress or mitogenic stimu- 
lation. Thus FP resistance to pH fluctuation is often required 
for effective quantitative imaging. To use FRET in studies of 
environments with extreme pHs, both the donor quantum yield 
and the acceptor molar absorption coefficient must be indifferent 
to changes in pH [15]. While most GFP-based FRET experiments 
use CFP and YFP as FRET donors and acceptors, CFP has 
an acid-sensitive quantum yield and YFP has an acid-sensitive 
molar absorption coefficient [15]. When pH decreases, these 
two negative effects reinforce each other, resulting in loss of 
FRET. Below pH 6.5, FRET from CFP to YFP is significantly 
disturbed. Therefore development of alternative donor/acceptor 
pairs has been greatly desired for more effective quantitative 
FRET imaging. 

The lower pH-sensitivity of the mKO molar absorption coef- 
ficient than pH-insensitive variants of YFP, such as EYFP.l 
(enhanced YFP; apparent ptf a =5.9) [15], citrine (apparent 
ptf a = 5.7) [16] and Venus (apparent ptf. = 6.0), makes this 
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protein a desirable acceptor [17]. MiCy appears to be an ideal 
donor due to its pH-resistant quantum yield. While pH-sensitivity 
of the donor molar absorption coefficient is not important for 
pH-resistant FRET, a pH-resistant acceptor quantum yield would 
be preferable, because it facilitates the measurement of FRET 
efficiency by observing the ratio of donor to acceptor emissions. 
Again, mKO appears to make an ideal acceptor, as its quantum 
yield is completely indifferent to pH changes. 

Optical factors tor FRET measurements using MiCy/mKO 
compared with CFP/YFP 

We compared the MiCy/mKO pair of excitation and emission 
spectra to that for CFP and YFP (Figure 5B). The MiCy/mKO 
pair appears to be free of the problems of the cross-excitation of 
acceptor and the cross-detection of the donor and FRET signals 
experienced with the CFP/YFP pair. Selective excitation of MiCy 
over mKO can be achieved using a 440AF21 (440+ 10.5 nm) 
bandpass filter. As emission spectra often rise steeply and fall 
gradually as a function of wavelength, the donor emission can 
often spill over into the FRET channel. Such cross-detection is 
prominent for the CFP/YFP pair [18]. In contrast, the emissions 
of MiCy and mKO should be easily separable using appropriate 
bandpass filters. Also, the good spectral overlap between MiCy 
emission and mKO absorption and the high fluorescence quantum 
yield of MiCy creates a Forster's distance for the MiCy/mKO 
pair as large as 5.3 nm, while the value for CFP/YFP is 4.9 nm 
(191. Together, these advantages of the MiCy/mKO pair may 
be responsible for the relatively large changes in FRET signals 
observed as a measure of caspase 3 activity. 
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